Inuit have reported greater inter-annual variability in seasonal sea ice conditions. For Deception Bay (Nunavik), an area prized for seal and caribou hunting, an increase in solid precipitation and a shorter snow cover period is expected in the near future. 15
Objectives
This article investigates the X-band backscattering signature of snow-covered first-year sea ice while contextualizing the reported data in observed seasonal processes, which serves several purposes. First, the monitoring approach shared in this article has the potential to be applied in other remote locations of local or broader scientific interest. Second, processes outlined here may inform 80 our understanding of other fjords or bays where ice-breakers transit. This study stands out due to the length and continuity of the time-series reported, its use of an X-band sensor, and its relevance to local actors. Specifically, the objectives of this article are to 1) investigate the hypothesis that the seasonal evolution of X-band backscattering from snow-covered first-year sea ice will follow that of the C-band; 2) document freeze-up and breakup processes for a fjord in which there is ice-breaking transport; 3) contribute a new dataset on the X-band backscattering signature of newly formed sea ice. 85
SAR backscattering over snow-covered first-year sea ice
Due to the relative lack in X-band-specific work on scattering mechanisms in snow-covered sea ice, the following brief literature review focuses on C-band backscattering. Both bands are however close in terms of frequency (or wavelength), with TerraSAR-X's X-band centred at 9.6 GHz (3.12 cm) and . General observations on scattering in the C-band are followed by expected differences in behavior between the X-and C-band. We focus on freeze-up, winter, and 90 spring. We also quickly remind the readers of the World Meteorological Organization (WMO) sea ice nomenclature relevant to our study, particularly first year sea ice types (WMO, 2014) .
Several scattering mechanisms are significant in snow-covered sea ice. Firstly, surface scattering may occur on seawater or brine, at the air-ice interface, at the air-snow interface if the snow is wet, at the interface between dry and wet snow, and finally at the 95 snow-ice interface. Secondly, volume scattering may occur within brine-wetted snow as well as within the ice. The important scatterers are therefore brine and water inclusions, both within snow and ice. Figure 1 shows sketches of snow-covered sea ice from freeze-up to winter and spring, including the presence of these scatterers. The information depicted is based on the literature.
The following subsections start with a description of physical processes related to these scatterers, which is followed with a presentation of the associated backscattering mechanisms. 100 Figure 1 : Sketch of scatterers in snow-covered sea ice from freeze-up through winter and spring. Shown: frost flowers (FF, stars), air bubbles (white circles), brine inclusions in the ice (pink elongated ovals), liquid brine at the surface of the ice (pink), brine inclusions in the snow (pink circles), water inclusions in the snow (blue circles), and melt ponds (blue). Each season is described 105 in Sect. 2.1 to 2.3. https://doi. org/10.5194/tc-2019-199 Preprint. Discussion started: 10 September 2019 c Author(s) 2019. CC BY 4.0 License.
higher-frequency X-band is more sensitive to surface roughness than the C-band (Eriksson et al., 2010) , and allows better discrimination between different thin ice types (Johansson et al., 2017) .
Winter
Ice which is between 30 and 70 cm is described as "white ice" (ibid.), and first-year ice thicker than 70 cm is simply called "firstyear ice" (ibid.). Gill et al. (2015) presented a synthetic review of scattering mechanisms in snow-covered sea ice; the following 130 description borrows from their structure. Following freeze-up, snow starts to accumulate on the ice cover, absorbing brine from the ice through capillary action (Barber and Nghiem, 1999) , which will remain in the bottom snow layer as brine inclusions. No surface scattering is expected at the air-dry snow interface (Kim et al.. 1984) , and volume scattering from dry snow is small (Kim et al., 1984) . However, the presence of brine-wetted snow between dry snow and ice has a significant impact on backscattering.
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Firstly, the dielectric mismatch between the dry and brine-wetted snow layers may cause surface scattering (Nandan et al., 2016) .
Secondly, volume scattering may occur on brine inclusions within the snow (Gill et al., 2015) . As the ice cover thickens, the insulation it provides from the water allows temperatures at the snow and ice surface to drop (Yackel et al., 2007) . The beginning of a stable backscattering signal marks the onset of the winter regime (ibid.), which may feature a decreasing trend as brine inclusions shrink under colder temperatures (ibid., Nghiem et al., 1997) . For a given temperature, thick snow covers will induce 140 higher temperatures at the snow-ice interface, which will increase the volume of brine inclusions therein (Barber and Nghiem, 1999) , and thus the backscattering (Gill et al., 2015) . Surface scattering from wet snow may completely mask the underlying snow and/or ice layers (ibid.), and lead to a backscattering signal dominated by the wet layer and layers above. If penetration in the sea ice occurs, the total backscattering may include a similarly temperature-dependant contribution from volume scattering on brine inclusions in the ice (Barber and Nghiem, 1999). 145 https://doi. org/10.5194/tc-2019-199 Preprint. Discussion started: 10 September 2019 c Author(s) 2019. CC BY 4.0 License. The Canadian Ice Service, in its "Climatic Ice Atlas 1981-2010", estimates freeze-up and breakup in the bay to occur around the first week of December and the first week of July, respectively (Fequet et al., 2011) . Landfast sea ice typically extends to the mouth of the bay, where it is stabilized by Neptune Island. Snow thicknesses measured in Deception Bay at the end of April 2017 ranged from 0 to 31 cm while observed ice thicknesses were between 1.11 and 1.45 m (Gauthier et al. 2018) . Dominant winds come from 185 the southwest (GENIVAR, 2012) . Although Environment Canada operated a weather station in Deception Bay from 1963 to 1973, there is currently no weather station in the bay. The closest one is located at Salluit airport, a similar coastal environment 50 km west of Deception Bay. Mean and high tides in the bay have respective ranges of 3.9 and 5.7 m. Deception River is the largest river flowing into the bay, and its flow is greatest at the end of spring in June and July because of snow melt. Deception River flow is almost zero during the winter (ibid.). Water salinity in the bay ranges from 29 to 33 psu (ibid.). 190
The Northern Villages of Salluit and Kangiqsujuaq and both communities' Land Holding Corporations were contacted and gave their approval for this project, including associated activities and instrumentation in Deception Bay. The Avataq Cultural Institute was consulted to ensure the project didn't encroach on archeological sites important to Inuit. Finally, the Nunavik Marine Region Impact Review Board was contacted to get permission for the deployment of underwater sonars in Deception Bay (sonar data not 195 presented in this article).
Data description

Time-lapse photography
A pan-tilt-zoom Panasonic WV-SW598 camera was installed on the south-west shore of Deception Bay (Fig. 3 ) on 11 September 2015. Operating in time-lapse mode, the camera takes a photograph every 15 minutes during the day (from 6:00 to 18:00 LT), 200 rotating through four preset views (Fig. 3 ). The photographs have an effective pixel count of 2.4 megapixels and a 90x zoom is available when setting the views or taking remote control of the camera. The camera can operate at temperatures between -50°C https://doi. org/10.5194/tc-2019-199 Preprint. Discussion started: 10 September 2019 c Author(s) 2019. CC BY 4.0 License. and 55°C and is installed at a height of 1.8 m. The structure is composed of a metal mast welded to a 50 cm wide square metal base bolted in the bedrock. The selected site is accessible by foot from Raglan's marine infrastructure, located on a high-point which offers a good view of the bay, and is in front of a Raglan power and network access point. This allows systematic 205 transmission of the photographs to a database hosted by INRS. There are roughly 1 400 photographs per month, for a total of almost 17 thousand per year, all available to the general public on http://caiman.ete.inrs.ca (Bernier et al., 2017) .
Two Reconyx PC800 Hyperfire Professional Semi Covert cameras were similarly installed in Deception Bay as part of the CAIMAN research project. These cameras were installed in front of Moosehead Island (series A) and on Black Point (series B) 210 and rely on 12 V batteries and solar panels for power, as shown on Fig. 3 . They measure the temperature within the camera case and record this information in the photographs' metadata. In this article, only their temperature measurements are used and not the associated photographs, since their field of view is outside the area of interest. The temperature measurement is susceptible to the following sources of error: camera heating from the sun and the absence of data between 19:00 and 6:00. Despite this, we choose to use this local measurement-corrected for camera heating-instead of the data measured 50 km away, in another bay and further 215 inland (airport) than the cameras (on the shore). 
TerraSAR-X
TerraSAR-X StripMap dual co-and cross-polarization single look complex (SLC) images were acquired over Deception Bay from December 2015 to July 2018, spanning three winter seasons (see Table 1 for acquisition characteristics). This X-band satelliteand its counterpart TanDEM-X-operate at a central frequency of 9.65 GHz (3.11 cm wavelength), with a repeat period of 11 days. Three orbits were used for acquisitions (13, 21, 89)-orbits 21 and 89 are respectively one and five days later than orbit 13. 225 https://doi. org/10.5194/tc-2019-199 Preprint. Discussion started: 10 September 2019 c Author(s) 2019. CC BY 4.0 License.
They cover a range of incidence angles between 38° and 46°, include both ascending and descending passes, and all share a VV polarization. The scene size before subsetting was 15 by 50 km, with a spatial resolution of 0.9 and 2.5 m respectively for range and azimuth directions (Eineder et al., 2008) . 
Visual inspection of photographs
The photographs were visually inspected as needed to document freeze-up and breakup. Figure 4 shows the four views of the 235 Panasonic camera during freeze-up 2016, when Deception Bay is covered with nilas up to Moosehead Island (indicated with a red arrow in Fig. 4 ). We define freeze-up as the day when ice on the bay-which may include different types of newly formed ice such as grease ice, nilas, etc.-consolidates into a continuous cover with no lateral movement induced by wind or current, and stays in place for the whole winter. The bay may very well be largely covered by ice on some occasions before formal freeze-up occurs.
Visual inspection focused on sea ice extent over the four views, the persistence of features in the sea ice over time, and their lateral 240 movement or the absence thereof. The breakup process was similarly characterized by identifying the first occurrence of open water somewhere in the fields of view of the camera, and documenting the progression of its extent over time up to a completely ice-free state. The day of breakup is the first day where the bay is ice-free. Island is identified with an arrow, for reference.
From temperature to freezing and thawing degree-days
Temperatures time-series were assembled from photograph metadata for two cameras: Moosehead Island (Series A) and Black Point (Series B). Hourly temperatures were available daily between 7:00 and 18:00 LT. Series A was continuous over the study 250 period except for a gap between 27 January and 18 September 2016, while series B stops on 16 September 2016. The two series https://doi.org/10.5194/tc-2019-199 Preprint. Discussion started: 10 September 2019 c Author(s) 2019. CC BY 4.0 License.
were compared for the overlapping period (11 September 2015 to 27 January 2016). The difference between series A and B was 0.4 °C on average, with a standard deviation of 0.7 °C. This was deemed sufficiently small to combine the two series with no transformation. Series B was used from 11 September 2015 to 16 September 2016, and series A from 18 September to 31 August 2018. Since the Reconyx temperature sensor sometimes erroneously recorded a 0°C measurement in lieu of "not-a-number", all 255 0 °C values were removed from the datasets. Daily mean temperature was computed from data between 7:00 and 18:00. In December, January, and February, the sunrise occurs after 7:00 and the sunset before 18:00. The daily mean therefore presents a bias towards daytime temperatures which evolves throughout the year as a function of sunrise and sunset time. Since this bias is the same from year to year, it does not affect inter-annual comparisons like the ones presented in this article.
260
A second and more significant source of bias is found in camera heating by the sun, which increases measured temperatures. As part of another study, Reconyx cameras are also installed in communities where air temperature is measured hourly at the airport by Environment Canada (EC). In the supplementary materials we compare the camera-measured temperature with the EC reference for Quaqtaq, located 300 km south-east of Deception Bay ( Fig. S1-S2) . The difference between the two temperatures exhibits a similar seasonal dependence over the years: low from September to January, and significant from February to August. From this 265 the heating-induced bias to the temperature measured by the camera is modelled as a Gaussian function with 4°C amplitude and a sigma of 50 days, and subtracted from the camera data to yield a corrected time-series. The camera heating bias was roughly centered on May 1st for the three years used to develop the simple model. It may however shift from this date depending on the year, as might have been the case for Salluit and Deception Bay in 2015-2016 (ibid.) . When a reference is available, we recommend centering the modelled bias by comparing the camera data with the reference. In this study however, we chose to center the 270 modelled bias on May 1st in order to explore the use of the camera measurements for cases where there is no neighboring reference station. Data before and after the correction is presented in the supplementary materials, along with its comparison to the data from 50-km distant EC station at Salluit airport (ibid.). After correction for the camera heating, the Deception Bay temperature is still 2°C higher on average than the EC data from Salluit airport. This is attributed to differences in altitude relative to sea level and in distance from the shore between the two measurement locations. 275
Two sets of indicators are derived from the temperature time-series: the first freezing degree-day and the first thawing degree-day, as well as cumulative freezing or thawing degree-days at the time of freeze-up or breakup. Freezing and thawing degree-days are defined in Eq. (1):
where FDD is the freezing-degree day, TDD is the thawing degree-day, and T is the daily mean temperature (NSIDC, 2019) . The cumulative sums of freezing and thawing degree-days over a period-CFDD and CTDD respectively-are used to characterize how cold or warm that period is (ibid.; Permafrost Subcommittee, 1988) . In the absence of temperature data between 19:00 and 6:00, the daily mean computed from the time-series is biased towards daytime temperatures: freezing and thawing degree-days 285 computed using Eq.(1) may therefore also be biased.
TerraSAR-X image processing and analysis
Processing of the TerraSAR-X images was done at DLR, the German Aerospace Center, using the Multi-SAR System. This workflow starts with a conversion from the digital number to radar brightness (beta-naught), followed by multi-looking to produce square pixels and increase the radiometric quality (number of looks), orthorectification so all the images from all orbits could be 290 https://doi.org/10. 5194/tc-2019-199 Preprint. Discussion started: 10 September 2019 c Author(s) 2019. CC BY 4.0 License. overlaid, and image enhancement to reduce the speckle inherent to SAR images (Schmitt et al., 2015) . The Multi-SAR System is described in detail in Bertram et al. (2016) . The output images have a geometric resolution of 2.5 m pixels with a radiometric resolution of 1.6 looks. The TerraSAR-X noise floor for the three orbits ranges between -23 and -24.5 dB, and the radiometric accuracy is 0.6 dB (Eineder et al. 2008 ).
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Median backscattering was computed for each image over 32 areas of interest (AOIs) distributed over a portion of the bay common to all orbits and identified on Fig. 3 . These AOIs, roughly 120 m by 100 m, contain between 2016 and 2064 pixels each. Their locations were chosen to avoid the shore, man-made structures like docks, as well as broken ice left in the wake of ice-breakers ( Fig. 5 ). This step was performed using Python (Dufour-Beauséjour, 2019).
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Figure 5: TerraSAR-X VV image of Deception Bay on 24 December 2015 in orbit 21 (scaled from -19 to -5 dB) and AOIs used to compute statistics (yellow).
The median backscattering over first-year sea ice features two seasonal peaks separated by two inflexion points: the post-freeze-305 up peak, the beginning and end of the monotone period, and the spring peak (see Fig. 6 ), which are respectively associated with frost flower maximum, winter onset, melt onset, and pond onset (see Sect. 2). Speaking in terms of the data time-series, peak location is defined as the location of its maximum, and estimated as sitting between the left and right-hand neighbors of the highest data point. The beginning of the monotone period was estimated as sitting between the first monotone data point and its left-hand neighbor; the end of the monotone period was similarly estimated from the last monotone data point its right-hand neighbor. Peak 310 and inflexion point locations for all orbits and years are presented in the supplementary materials ( Fig. S3-S5 ). The location of each feature was estimated manually and given as a range (see color-shaded areas in Fig. 6 ), which was further reduced by combining all available orbits ( Fig. S3-S5 ). Finally, the winter trend was computed from a linear regression fit on the data in the monotone period, as shown in the supplementary materials (Fig. S6) . 
Results
Freeze-up
Freeze-up was documented using time-lapse photography and TerraSAR-X images. The daily event sequence (Tables S1-S3 ), as 320 well as freeze-up videos assembled from time-lapse photography (Movies S1-S3), are both available as supplementary materials.
In the following description of each year's freeze-up, we refer to zones represented in Fig. 7 . No ice-breaker transits occurred during freeze-up for the three years of this study. (Fig. 8a) , zone A was covered in mirror-like patches of nilas and ice rind on 28 November. Their lateral movement is illustrated in Fig. 8b . The next morning, the bay was similarly covered with overlapping patches of nilas. No lateral movement of the ice was observed on 29 November, as shown in Fig. 8c . Freeze-up was therefore completed on 29 November 2016. In 2017, the series of events was the same as the year before. Freeze-up was alternatively preceded by days of open water 335 and days where the bay was covered in grease ice or nilas, and pancake ice accumulated in zone C. On 27 November, zone A was covered with mirror-like nilas or ice rind. This ice was rearranged during the night into an ice cover which showed no further substantial lateral movement. Observed features shifted slightly south-east in the night between 29 and 30 November. Even so, we identify freeze-up as having occurred on 28 November 2017. 
345
TerraSAR-X acquisitions during freeze-up 2016 and 2017 were used to extract the X-band backscattering signature of newly formed ice types, identified from time-lapse photography. Figure 9 shows an example from 26 November 2017, where grease ice was observed as well as a mix of nilas and pancake ice. Median values for newly formed ice types are presented in Fig. 10 . Two images featured nilas, coincidently with pancake ice. Five images of grey-white ice were acquired. These results are presented for different acquisition geometries and incidence angles. The images associated with each box in Fig. 10 are reproduced in the 350 supplementary materials (Fig. S7-S8) , along with the color-coded AOIs used for each ice type. These two events were closer to each other in 2015; they were separated by 39 days compared to 53 and 52 days in 2016 and 2017.
Mean freezing degree-day for that period was essentially the same for all three years, sitting between 3.5 and 4.5°C. No TerraSAR-375 X data is available during freeze-up 2015. 
Winter
Median monthly temperature from September to June is presented in Table 2 for the three years of the study. The coldest months 385 were observed in 2017-2018, with median January and February temperatures sitting at -25 and -30°C, respectively. The mildest winter was 2016-2017, with only one month featuring median temperature below -20°C.
https://doi. org/10.5194/tc-2019-199 Preprint. Discussion started: 10 September 2019 c Author(s) 2019. CC BY 4.0 License. For the purpose of characterizing the winter backscattering signature of snow-covered sea ice, winter is defined from the TerraSAR-X time-series as the monotone period between the post-freeze-up peak and the spring peak. Derivation of these limits is presented 395 in the supplementary materials (Fig. S5) . The estimation range for each indicator was reduced by combining estimates from different orbit time-series. Median temperatures during the monotone backscattering period were respectively -20 ± 6 °C, -15 ± 8 °C, and -15 ± 10 °C for the three years.
The X-band winter backscattering signature of snow-covered sea ice in Deception Bay, or that of "white ice" in WMO terminology, 400 is presented in Fig. 12 . Median backscattering observed for white ice ranged from -14 to -20 dB over the three years. In winter 2015-2016, the median was consistently lower than for the other two years, across orbits. Winter values were systematically higher for the descending/morning orbit than for the ascending/evening ones, but this effect is most pronounced for 2016-2017. This is also the only year for which the descending/morning data shows a much larger spread than in the other orbits. Winter backscattering is typically characterized by a negative trend associated with decreasing volume scattering as brine inclusions shrink due to colder temperatures (see Sect. 2.2). The trend is defined as the slope of the linear fit to the winter image medians, presented in the supplementary materials (Fig. S6) . In 2016-2017, all orbits show a trend (Fig. 12) . Meanwhile, 2015-415 2016 exhibits little to no trend, and no trend is observed in all three orbits for 2017-2018.
Spring
Breakup was documented using time-lapse photography and TerraSAR-X images. The daily event sequence (Tables S4-S6)- including ice-breaker transits-as well as videos assembled from time-lapse photography (Movies S3-S6), are both available as supplementary materials. In the following description of each year's breakup, we refer to zones represented in Fig. 13 . The breakup 420 date is the first day when the bay is ice-free. Figure 13 : Zones relevant for describing the spatial aspects of breakup in Deception Bay, and ship routes for the MV Arctic and MV Nunavik (dashed line). Camera location is indicated with a star.
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In 2016, patches of bare ice could be observed throughout the winter, particularly along the south-west shore (zone D). This bare ice started to appear rougher on 20 May, as shown in Fig. 14. Despite ice-breaking manoeuvers performed by the MV Nunavik in zone B upon its arrival in the bay on 16 June, no open water could be seen along its tracks either on the photographs or on the TerraSAR-X image from the same day. Deception River thawed by 16 June. Zone D was seen to be covered in meltwater on 18 June (Fig. 14c) , and open water was first observed on 19 June, in front of the river (zone A). Open water progressed steadily 430 throughout zone B over the course of five days, until Moosehead Island (zone C) was also ice-free and breakup was completed on In 2017, snow rapidly melted off following the end of the monotone backscattering period. By 13 May, more than two thirds of zone B was snow-free, before a snowfall event on the 14 May. On the 31 May, the ice was covered in meltwater ponds. Deception 440 River had thawed by 3 June (zone A), and on 4 June some open water could be seen along the ship tracks near zone D. Breakup took eight days and followed the same spatial pattern as the year before. Breakup was complete with the freeing of zone C on 12 June 2017. In 2018, the snow cover appeared largely melted on the south-eastern part of zone B by 28 May, and the ice was seen to be covered in meltwater on several occasions mid-June (zones E). The MV Nunavik and MV Arctic entered the bay on 17 June.
Six days later, open water could be seen along most of the ship tracks, and the river had thawed. The ships' departure coincided 445 with the first day where the ice was covered in meltwater ponds. New cracks perpendicular to the shore appeared in the ice that day. These features can be seen on photographs reproduced in Fig. 15 . Open water was first observed near the south-east shore in zone B on 26 June. The TerraSAR-X image acquired that day (Fig. 15) The project's goal of monitoring snow-covered first-year sea ice in Deception Bay proved to be well-served by the combined use 470 of time-lapse photography and radar remote sensing. Photographs were used to identify newly formed ice types (Fig. 9) , which allowed us to document their X-band backscattering signature (discussed in Sect. 7.2). Conversely, springtime transitions like melt onset or water drainage from the snowpack and ponding, associated, respectively, with the end of monotone backscattering (Barber and Nghiem, 1999) and to the spring peak (Barber et al., 1995) , couldn't be resolved on time-lapse photography, but were detected from the TerraSAR-X time-series (Fig. 16) . Table 3 summarizes the seasonal timeline events observed for each year of the study 475 and the relevant data source. The following section further discusses how the TerraSAR-X specific events presented in Table 3 are linked to physical processes such as the presence of frost flowers, snow accumulation, snowmelt and water drainage from the snow. These indicators could be used as proxies for interannual monitoring, for instance of snowmelt timing and length. The TerraSAR-X backscattering time-series presented in this article exhibits the same seasonal evolution as that of the C-band 485 (Sect. 2), which was expected due to the spectral proximity of both bands. The post-freeze-up peak is attributed to frost flower development (Isleifson et al., 2014) and decimation or masking by snow infiltration (ibid., Onstott, 1992) . It was observed in full for one data series (orbit 21 in 2016-2017) and partially for all orbits in 2017-2018, as shown in Fig. 11 . By combining different orbits, frost flower maximum was shown to have occurred within two weeks of freeze-up 2017 (ibid.). Winter onset-the transition to stable and relatively low backscattering-is brought on by cold temperatures in the snow and at the ice surface, themselves due 490 to insulation by the ice cover (Yackel et al., 2007) . It was similarly observed for orbit 21 in 2016-2017 and all orbits in 2017-2018.
The combination of all orbits reduced the margin of error to one day for winter onset in 2017-2018, which occurred 23 days after freeze-up. Melt onset, where meltwater begins to accumulate at the top of the snowpack and the backscattering starts to increase https://doi.org/10. 5194/tc-2019-199 Preprint. Discussion started: 10 September 2019 c Author(s) 2019. CC BY 4.0 License. (Barber and Nghiem, 1999) , was detected in all of the nine TerraSAR-X time-series (Fig. 16 ). By combining three orbits, the margin of error on melt onset detection was reduced to two or three days depending on the year (ibid.). Melt onset systematically 495 occurred before the first thawing degree-day; it may be more closely associated with the first day where temperatures increase past zero even for only a short period of time, without the daily mean crossing the 0°C threshold. Pond onset, where water drains from the snowpack and starts to accumulate on the ice surface, yielding a decrease in the backscattering (Yackel et al., 2007) , was also observed in all nine datasets (Fig. 16 ). The margin of error for this indicator was reduced to six and 7.5 days, depending on the year, by combining three orbits. As described in the methods (Sect. 5.3), detecting a peak requires three data points, while detecting 500 an inflexion point only requires two-it is therefore expected that the margin of error for peak detection be double that of inflexion point detection. Pond onset detected with TerraSAR-X preceded meltwater observation from time-lapse photography by roughly a month in 2016 and 2017, but the two were coincident in 2018.
Freeze-up and breakup processes
Two different freeze-up processes were documented over three years. In 2015, calm waters allowed for a quick thermal freeze-up 505 which yielded smooth ice, as seen on time-lapse photography (Fig. 14) . The smoothness of this ice cover contrasts with the relatively rougher ice produced by the iterative freeze-up of 2016 and 2017 which proceeded from patches of nilas and ice rind, and yielded higher winter backscattering (Fig. 12 ). Ice roughness was therefore correlated with winter backscattering values despite the presence of a snow cover and presumably, according to Barber and Nghiem (1999) and others (see Sect. 2.2), of an associated brine-wetted snow layer. 510
Two different breakup patterns were documented, potentially specific to the context of ice-breaking transport. In the first two years, open water progressed from the thawed Deception River, its low albedo and warmer water favoring melt at its edge, until the whole bay became ice-free. In 2018 however, the ice cover dislocated along the ship route, and the resulting pieces were eventually cleared out of the bay (Fig. 15 ). Here we explore the influence of shipping on the breakup process. In 2016, ice-breaking transits 515 and manoeuvers left no open water in the ship's wake (Table S4 ). TerraSAR-X images rather showed tracks filled with broken ice debris, indicating that the ice was already decaying. Spring was early in 2016: indeed, the spring peak occurred more than three weeks before the first ship transit (Fig. 16 ). In 2017, the spring peak similarly occurred before the first ice-breaking transit of the season, and open water had already been observed along the ship tracks event before the first summer transit (Table S5 ). Spring was much later in 2018 than in the two previous years however-both the first thawing degree-day and the spring peak were almost 520 a month later than in 2016 (Table 3) . When shipping first resumed in 2018, at the same time as the spring peak, the ice cover was likely still relatively thick compared to the other years. The ships left open water in their wake, rather than ice debris, and their departure a week later broke the ice cover neatly along their route (Table S6 ). Open water precipitated melt along the fractures, leading to a different breakup pattern than in 2016 and 2017.
New values for X-band backscattering over first-year sea ice 525
Here we compare our X-band backscattering observations of newly formed ice types with values published in the literature for the same frequency. The observations reported in this article of -16 ± 2 dB for grease ice and -19 ± 2 dB for nilas ( Fig. 10) are higher than X-band VV backscattering values reported by Nakamura et al. (2005) of -22.0 ± 0.5 dB for new ice (frazil, grease ice, and nilas) at comparable incidence angles of 39° to 44°. The same goes with regards to the value of -21 dB in the X-band and HH polarization reported by Matsuoka et al. (2001) for snow-free thin ice (nilas, grey ice), at smaller incidence angles of 23° to 25°. 530
These differences may be an indicator that frost flowers were present on the surfaces we observed, since such features can considerable increase backscatter (Isleifson et al., 2014) . This remains speculative since neither Matsuoka et al. (2001) 
